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TOC, C/N, δ13C, and δ15N of Shales from the Mississippian 
Michigan Formation, Western Michigan 
KAYLA A. LOCKMILLER 
Department of Geology, Grand Valley State University, Allendale, MI 49401, U.S.A. 
Abstract— The Mississippian Michigan Formation, exposed in an abandoned gypsum mine in 
Wyoming, Michigan, is composed of very thick beds of gypsum interbedded with much thinner 
beds of siliciclastic-rich dolomite and shale. Samples of shale (15 total) from three cyclic units 
(unit 3, oldest; unit 1, youngest) exposed in the mine were collected. Each of the three beds of 
shale has a distinct appearance, especially that in unit 1, which is much thicker (mean, 1.0m), 
more brown in color, and more silt-rich than the gray shales in units 2 (mean thickness, 0.3m) 
and 3. Proxies [total organic carbon (TOC), carbon/total nitrogen (C/N) ratios, organic δ13C, and 
total δ15N] were used to help determine the depositional environment of the shales. To remove 
inorganic carbon for TOC and organic δ13C analyses, samples were treated with HCL. As others 
have also observed, acid-treatment consistently decreased the percent nitrogen in the samples. 
However, we did not see a consistent change in δ15N with acid-treated samples. Nevertheless, 
results of analyses for only untreated samples were used for all nitrogen proxies. Low 
percentages of TOC (0.20 - 0.51%) in our samples indicate low productivity of organic matter. 
δ
13C (-22.77 to -25.39‰ PDB) implies carbon input from mixed marine-derived water and 
freshwater sources, which supports a marginal marine depositional environment as suggested by 
previous studies. On δ13C versus C/N plots, the data for units 1, 2, and 3 fall in three different 
fields. Unit 2 is most typical of a marine source, which is consistent with field observations. δ15N 
(1.78 – 3.77‰) remains enigmatic; however, it may also indicate a mix of sources. The lack of 
terrestrial plant indicators suggests an arid environment with little vegetation. An arid 
environment would promote the evaporation of seawater, producing gypsum, the most common 
rock type at in the mine. Freshwater influx into the brine would halt gypsum precipitation and 
allow clays to be deposited. 
 
Introduction 
Shale is a sedimentary rock which has great 
economic importance. It comprises 
approximately 50% of all sedimentary rocks, 
is the major source rock for conventional 
natural gas and oil, and is the main rock type 
that is targeted for hydrofracking. Shale in 
the Mississippian Michigan Formation is 
well exposed in the Michigan Natural 
Storage Company (MNSC) gypsum mine in 
Wyoming, Michigan (Figure 1). Samples of 
shale (15 total) from each of three units have 
been analyzed and used to infer an 
environment of deposition for the shales. 
This was accomplished using total organic 
carbon (TOC), organic carbon/total nitrogen 
ratios (C/N), δ13Corganic, δ15Ntotal, and % total 
nitrogen as proxies to determine the 
depositional environment. Table 1 
summarizes interpretations of values for 
each proxy by Meyers (1997) and Mainali 
(2011). In this paper we show that the 
organic carbon in the shales was most likely 
derived from a mix of marine and freshwater 
sources. 
Stratigraphy 
Proxy Range of Values Interpretations
TOC _____ Higher values indicate 
higher productivity
C/N 4 to 10 Marine environment 
(marine algae)
C/N > 20 Terrestrial environment 
(land plants)
δ
13C -20 to -22‰ (PDB) Marine environment
δ
13C ~ -27‰ Terrestrial environment
δ
15N 7 to 10‰ (Air) Dissolved nitrate, marine 
environment
δ
15N 0‰ Atmospheric nitrogen, 
terrestrial environment
Table 1. Interpretations for TOC, C/N, δ13C, and δ
Meyers (1997) and Mainali (2011). 
 
Stratigraphy
As shown in Figure 2, at MNSC there are 
three cyclic units of gypsum 
with unit 3 being at the bottom and unit 1 at 
the top, intermixed with layers of shale 
siliciclastic-rich dolomite (CaMg(CO
Each of the shales has a distinct 
especially that in unit 1 (mean thickness, 
1.0m), which is more brown in color, as 
opposed to the gray color of u
thickness, 0.3m) and 3 (Figures 3 and 4).
Methods 
Fifteen shale samples were collected from 
MNSC using a rock hammer a
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These sample sites were marked in the mine 
using small flags and their locations were 
marked on a map. Once collected, the 
samples were pulverized using a rock 
hammer with care taken to select 
unweathered portions of the sample. Then 
samples were crushed into a fine powder 
using an agate mortar and pestle. These 
powders were then passed through 300 and 
149 µm sieves to eliminate sharp edges. 
Sample analyses were done at Iowa State 
University. There, hydrochloric acid was 
used to remove inorganic carbon from the 
sample powders, which were then rinsed 
with deionized water and oven dried similar 
to the method outlined in Van Kessel at al. 
(2000). Samples for nitrogen proxies (N% 
and δ15N) were run in two ways, acid treated 
and untreated. δ13C and δ15N were 
determined using a Finnigan MAT Delta 
Plus XL mass spectrometer in continuous 
flow mode connected to a Costech 
Elemental Analyzer, and TOC and C/N were 
calculated. Reference standards (caffeine 
[IAEA-600], IAEA-N2, cellulose (IAEA-
CH-3) and acetanilide [laboratory standard]) 
were used for isotopic corrections, and to 
assign the data to the appropriate isotopic 
scale. The samples are reported relative to 
the Pee Dee Belemnite (PDB) for δ13C and 
atmospheric N2 (Air) for δ15N. The 
combined uncertainties (analytical 
uncertainty and average correction factor) 
are ± 0.05‰ for δ13C and ± 0.28‰ for δ15N. 
The analytical uncertainty for TOC 
(±0.006%) and total nitrogen (±0.0001%) 
are estimated based on known values for 
acetanilide. Duplicate analyses were run for 
four samples. In order to add sample 
inhomogeneity to the uncertainty, standard 
deviations (1σ) using Excel’s STDEV.S 
function were calculated. The mean standard 
deviation for each proxy is shown in Table 
2. 
Acidified Versus Untreated Samples for 
Nitrogen and δ15N Analyses 
For the same samples, all untreated N(%) 
values are higher than the acidified nitrogen 
values (Table 3), which is consistent with 
Harris et al. (2001).
Figure 4. Photographs of shale showing color differences between unit 
2 (A) and unit 1 (B). 
Figure 3. Photographs of shale at MNSC in unit 2 (A; older) and 
unit 1 (B; younger). Shale in unit 2 is medium dark gray (N4; 
GSA, 1995) and has an average thickness of 0.3 m, whereas unit 
1 is a mix of light olive gray (5Y 6/1) and pale yellowish brown 
(10YR 6/2) with an average thickness of 1.0 m. 
This suggests that acid treatment decreases 
the amount of nitrogen in the shales. 
Because this is true, results of analyses for 
only untreated samples were used for δ15N 
and N(%). However, contrary to the 
observations by Harris et al. (2001) and 
Larson et al. (2008), in this study δ15N 
generally is higher in untreated samples 
(Table 3). Presently we are unable to 
explain why this is the case. The data for 
δ
15N and N(%) for sample number 3 were 
well outside the range of the other samples 
(Table 3). The analysis cannot be rerun for 
some time, so the results for δ 15N and N(%) 
for this sample were omitted in the study. 
 
 
 
 
Table 3. Results for TOC, C/N, δ13C, δ15N, and N(%) with both acidified (A) and untreated (U) results for C/N, 
δ15N, and N(%). 
Sample 
number 
TOC 
(%) 
C/N (A) C/N (A/U) δ13C 
(‰) 
δ
15N (A)  
(‰) 
δ
15N (U) 
(‰) 
N (A) 
 (%) 
N (U) 
(%) 
1 0.38 5.75 5.68 -25.39 1.76 2.10 0.065 0.066 
1 split - - 5.84 - - 2.05 - 0.065 
2 0.36 5.45 5.14 -24.20 1.37 1.78 0.066 0.071 
3 0.40 5.84 0.99 -24.11 2.68 0.12 0.068 0.401 
4 0.25 4.17 3.98 -23.62 1.95 1.93 0.061 0.064 
5 0.47 8.07 7.16 -24.83 3.35 3.60 0.058 0.066 
6 0.51 10.13 8.50 -23.82 3.34 3.77 0.050 0.060 
6 split 0.51 10.17 - -23.72 3.04 - 0.050 - 
7 0.32 7.84 7.04 -23.69 3.37 3.66 0.041 0.046 
8 0.35 7.31 6.33 -24.05 3.99 3.64 0.048 0.055 
8 split 0.34 7.10 - -23.97 2.94 - 0.048 - 
9 0.29 4.77 4.28 -23.25 2.42 2.76 0.060 0.067 
9 split 0.28 4.72 - -23.45 1.63 - 0.060 - 
10 0.41 7.96 6.90 -24.17 3.03 3.49 0.051 0.059 
11 0.24 6.24 5.73 -23.51 3.74 3.53 0.039 0.043 
12 0.31 6.09 5.36 -23.30 2.09 2.88 0.050 0.057 
13 0.26 4.58 4.49 -23.17 2.04 2.21 0.057 0.058 
14 0.28 4.57 4.06 -23.42 2.18 2.15 0.062 0.070 
15 0.20 4.69 4.47 -22.78 1.58 1.79 0.042 0.044 
 
 
Proxy Number of 
Samples 
Duplicated 
Number 
of 
Analyses 
Standard Deviation  
TOC 3 6 ± 0.104 % 
C/N1 1 2  ± 0.11 
δ
13C 3 6  ± 0.31 ‰ 
δ
15N1 1 2  ± 0.03 ‰ 
N(%)1 1 2  ± 0.001 % 
Table 2. Standard deviations (1σ) for duplicate analyses of 
TOC, C/N, δ13C, δ15N and N(%). 
1 For nitrogen proxies, duplicates listed were untreated with acid 
Results 
All results, including duplicate analyses, for 
TOC, C/N, δ13C, δ15N and N(%) are shown 
in Table 3. Ranges and means for C/N, δ13C, 
and δ15N for each of the three units are 
summarized in Table 4. When δ13C is 
plotted against C/N, the samples from the 
three units generally plot in three fields 
(Figure 5). However, when δ15N is plotted 
against C/N (Figure 6), the fields for units 2 
and 3 are not as well separated as they are 
for δ13C and C/N (Figure 5). In each plot, 
one sample (number 5) from unit 2 does not 
plot with the others from that unit. 
Interpretations 
Because data for units 1, 2, and 3 fall in 
three separate fields, especially for δ13C and 
C/N (Figure 5), different inputs of carbon 
and nitrogen are suggested. However, the 
TOC for all three units is relatively low 
(0.20-0.51%), indicating low productivity of 
organic matter. C/N ratios range from 3.89 
to 8.50 (Table 4), falling within the range (4 
to 10) that Meyers (1997) interprets to be of 
marine origin. None of the samples 
approach the lower limit of the terrestrial 
range (20) suggested by Meyers (1997). 
Based on C/N ratios, unit 2 may have had 
the most marine influence and unit 1 the 
most freshwater influence, however small. 
  
δ
13C ranges collaborate that unit 2 had the 
most marine influence; however, that proxy 
suggests unit 3 was more likely influenced 
by carbon input from a freshwater source 
than unit 1. Moreover, δ13C (-22.77 to 
 -25.39) suggests that none of the samples 
are purely from a marine source (-20 to 
 -22‰ PDB; Meyers, 1997) or a terrestrial 
source (~27‰; Meyers, 1997), but more 
likely a mixture of both. Figure 7, modified 
from Meyers 1994, shows the distribution of 
C3 and C4 land plants as well as marine and 
lacustrine algae on a plot of δ13C versus 
C/N. The distribution of the data from this 
study is also shown. Grasses had not 
evolved by the Mississippian, so a C4 
signature for C/N and δ13C is not expected 
for these shales. However, a C3 signature is 
also lacking, and plants bearing needles and 
palm fronds were present during the 
Mississippian. This suggests a general lack 
of significant input of carbon and nitrogen 
from a terrestrial source. Although our data 
fall mostly in the marine algae field in 
Figure 7, some overlap occurs with the 
lacustrine algae field suggesting possible 
input.  
 
Figure 8 shows a plot of δ15N versus δ13C 
from Meyers, 1997, along with a field of our 
data. On this plot, our values do not fall in 
the marine (upper right) or terrestrial (lower 
left) fields for δ13C and δ15N, but instead lie 
between the two. Again, this may imply a 
mix of marine and freshwater sources. δ15N 
values are enigmatic, however, they likely 
also indicate a mix of marine and freshwater 
sources  (Table 1; Figure 8).  
Conclusions 
Although the data are inconclusive with 
some seemingly contradictory indicators as 
to the amount of freshwater input (e.g., C/N 
indicates largely marine and δ13C and δ15N 
suggest a mix of marine and freshwater), we 
suggest that most of the data shows at least 
some freshwater influence in a probable 
marginal marine setting. 
 Table 4. Ranges and means for C/N, δ13C, and δ15N. Untreated values were used for C/N and δ15N. 
Layer 
Number 
C/N  
range 
C/N  
mean 
δ
13C  
range (‰) 
δ
13C 
mean (‰) 
δ
15N  
range (‰) 
δ
15N 
 mean (‰) 
1 5.73 to 8.50 6.90 -23.51 to -24.17 -23.83 3.49 to 3.78 3.62 
2 3.89 to 7.16 4.82 -22.77 to -24.83 -23.49 1.80 to 3.60 2.47 
3 5.14 to 5.84 5.45 -24.20 to -25.39 -24.80 1.78 to 2.08 1.93 
 
The lack of a C/N signature for land plants 
(Figure 7) supports an arid environment with 
little vegetation. An arid environment would 
promote the evaporation of sea water, which 
is crucial to the formation of gypsum, the 
most common rock type at MNSC. 
Freshwater influx into the brine would stop 
gypsum from precipitating and allow clays 
to be deposited. Each of these waters 
(marine-derived brine, and freshwater) 
would have different C/N and δ13C 
signatures, as seen in our data (Figure 5). 
 
Figure 5. δ13C plotted against C/N ratios for layer 1 
(blue diamonds), 2 (red squares), and 3 (green 
triangles). For samples with duplicate analyses, 
means were plotted. With the exception of one 
sample from layer 2, each layer falls into a field. 
Figure 6. δ15N plotted against C/N ratios. For samples 
with duplicate analyses, means were plotted. The 
fields are shown with one sample from unit 2 
excluded. The fields for units 2 and 3 are less 
separated in this plot than in the plot for C/N versus 
δ
13C (Figure 5). 
 
More terrestrial 
More marine 
Figure 7. Range for our δ13C and C/N data (red 
circle) compared to Meyers (1994). All our data 
points fall in the marine range, with some overlap 
with the field for lacustrine algae; none of our data 
falls into the land plant fields (modified from Meyers, 
1994). 
 
 
 
 
Figure 8. Range for our δ15N and δ13C data (red circle) compared 
to Meyers (1997). Although δ15N values are enigmatic, their 
location on this plot suggests a mix of carbon and nitrogen
sources (modified from Meyers, 1997). 
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